New SUSY thought is presented. Maximal stop mixing needed for 125 GeV Higgs is linked to the tachyonic stop at the UV boundary. Large µ does not mean the severe fine tuning if Higgs comes out as a pseudo-Goldstone boson. The small mass of the pseudo-Goldstone Higgs is overcome with extra vector-like fermions needed to explain the Higgs to di-photon rates.
Introduction
The Large Hadron Collider (LHC) experiments run successfully and provide excellent data. Weak scale supersymmetry confronts two challenges from the LHC experiments. Firstly, no discovery of superparticles yet at the LHC is a puzzle for those who predicted superparticle mass at the weak scale or below TeV. Now the mass bounds for gluino and squark went up over 1 TeV. Secondly, the discovery of the Standard Model Higgs-like new boson with its mass at around 125 GeV 1 2 is quite difficult to be explained in the weak scale supersymmetry.
Nevertheless, at least two facts are consistent with each other. Lighter Higgs mass requires lighter superparticles and no observation of superparticles could have ruled out the possibility of weak scale supersymmetry.
With the limits from the current direct search and the observed Higgs mass, a few nonstandard supersymmetric ideas are introduced with a personal taste. Natural supersymmetry, Higgs as a pseudo-Goldstone boson and the Higgs to di-photon rate are mainly discussed.
Natural supersymmetry
Natural supersymmetry 3 4 5 , or more precisely, the least unnatural supersymmetry is motivated by the natural (least unnatural) electroweak symmetry breaking. It can be realised with light stop while avoiding the direct search bound applied to the first two generations which are not directly related to the electroweak symmetry breaking. The largest finite threshold correction after integrating out stops is possible when two stops have the maximal mixing with |A t /mt| ∼ √ 6 where A t is the soft tri-linear coupling for Higgs and stops and mt is the soft stop mass 6 . There are problems with the maximal stop mixing if the UV (ultra-violet) completion of the theory is considered. First of all, it can not be obtained in gauge mediation. Minimal gauge mediation does not generate A t term at the messenger scale (at one loop). Therefore, the weak scale A t term is generated from the gluino loop and A t /mt can not be bigger than 1 as the same gluino loop increases the stop mass.
Secondly, it is also difficult to realise the maximal stop mixing within the conventional SUSY breaking models in which the mediation scale is at around the Grand Unified Theory (GUT) scale, M GUT = 2 × 10 16 GeV or at the Planck scale, M Pl = 2 × 10 18 GeV. The electroweak scale soft parameters can be written in terms of the GUT scale parameters as follows 7 . (Here we only consider gluino mass, stop mass and A t as they provide the leading contribution in the running unless extremely different hierarchy is imposed between the parameters at the GUT scale.)
where M 3 is the gluino mass, mt is the stop mass and A t is the soft tri-linear coupling between Higgs and stops. The boundary A t term is exponentially suppressed at low energy and the weak scale A t term comes from the running. To overcome it, A t at the GUT scale should be at least 5 or 10 times larger than the stop mass. There are two ways out. Firstly, the tachyonic stop boundary condition at high energy scale can realise the maximal stop mixing 7 8 . The stop mass squared beomes positive at low energy even if we start from negative value at high energy. A t can be of order of the gluino mass at the weak scale. If the stop mass squared changes sign close to the weak scale, the stop mass can be very small at the weak scale compared to the gluino mass and A t /mt can be larger than 1. In this scenario, it is essential that the stop is tachyonic at the UV boundary. Secondly, the messenger scale is not high and A t term is generated at the messenger scale. It is possible in Yukawa assisted gauge mediation. In a theory which predi problem is entirely solved the running is negligible and µ 2 at the GUT scale M Z . However, the absen and the relation above do precisely. If we define α b |mt| M 3 then the EW scale (4) ca
We see that requiring fin range of α is allowed (for − 0.17 < This interval is shrinking sign of the coincidence pr In summary, a very rea scale: M 3 ∼ > 200 GeV, |m and A t of order the other duces the correct EW sca is very close to the startin The Fig. 1 is taken from 7 . The current bound on the gluino mass is about 1 TeV and the y-axis scale should be multiplied by factor 2 to be consistent with the current limit. For the discussion given here, only the relative size matters. It is clear that the ratio of |A t |/mt can be very large at just below the transition scale (10 TeV in the plot). Therefore, the maximal stop mixing can be easily realised if the stop has a tachyonic boundary condition.
The Fig. 2 is taken from 9 . Compared with the case |X t /mt| ∼ 1, the maximal stop mixing can increase the Higgs mass by 5 GeV for the same stop mass. Though 5 GeV is a small addition to 125 GeV, this small addition is crucial here since otherwise the stop should be at least 5 TeV to raise the Higgs mass solely from the logarithmic running of the quartic coupling.
The Fig. 3 is also taken from 9 in which the 3 right-handed neutrinos are considered as the additional messengers of supersymmetry breaking. In the S 4 flavour model discussed in 9 , the maximal stop mixing is realised for neutrino Dirac Yukawa coupling y ν ∼ 0.7. It is possible since the stop becomes tachyonic at the See-Saw scale. It can be made to be consistent with the µ → eγ bounds by special construction but it is very difficult to accommodate the muon g − 2 in minimal neutrino assisted gauge mediation.
µ/Bµ problem
In the weak scale supersymmetric theory, µ term is the only supersymmetric mass term that is allowed in the superpotential. The correct electroweak symmetry breaking requires µ to be comparable to the SUSY breaking parameters or smaller than those. The weak scale arises as a cancellation between µ 2 and other soft parameters. If µ 2 is much larger than other soft SUSY breaking parameters, there would be no electroweak symmetry breaking allowed as the Higgs potential would be stable at the origin with the help of large µ 2 . Direct search for chargino puts a limit on the lowest possible value of µ to be larger than 100 GeV. Therefore, in weak scale supersymmetric theory, µ term should be of similar size of the soft SUSY breaking parameters. µ problem is why the supersymmetric mass term µ should be comparable to other soft supersymmetry breaking parameters 11 . The connection can be explained by Giudice-Masiero mechanism 10 . However, it works only when the scale of the messengers is comparable to the Planck scale. One way out is to generate the µ term from the non-renormalizable interactions. As a result we can connect the strong CP problem and the µ problem 11 12 . The other possibility is to couple Higgs to the messengers of supersymmetry breaking. It is easy to generate µ at one loop like other soft supersymmetry breaking parameters, but at the same time Bµ is generated at one loop unless special model building care is taken 13 14 . One loop generated µ and two loop generated Bµ are realised in 13 using supercovariant derivative term and in 14 using a single field dominance to isolate holomorphic term from anti-holomorphic term. The extension of the MSSM to the NMSSM 15 can possibly provide a solution to the µ problem as there is an extra singlet which can take a vacuum expectation value (VEV) and can generate µ without other phenomenological problems. In summary successful gauge mediation model should solve µ/Bµ problem. The solution of µ/Bµ in general makes the model very complicated. Therefore, to build a successful gauge mediation model, it would be better to start from the solution of µ/Bµ.
Higgs as a pseudo-Goldstone boson
In most of the fine tuning analysis, the fine tuning is computed as a ratio of M 2 Z and m 2 H . More precisely it should be the ratio of the physical Higgs mass, m 2 h and the soft scalar mass m 2 H . . The underlying reason is that the generation of µ involves the additional coupling which is nothing to do with the mechanism of supersymmetry breaking. ∆ µ can be regarded as the least amount of fine tuning needed.
The loophole in the argument arises if the light Higgs is a pseudo-Goldstone boson. In this case the light Higgs potential is predicted to be flat independently of µ at the scale of global symmetry breaking. The light Higgs mass is generated from the loop correction proportional to top Yukawa and gauge couplings and can be independent of µ in this case.
The pseudo-Goldstone boson Higgs has been extensively studied in the context of supersymmetry, for instance, look at 17 18 . In 18 , the idea of Dvail, Giudice and Pomarol 13 has been used to realise the setup in which Higgs appears as a pseudo-Goldstone boson after the global symmetry is broken down to its subgroup. To realise the accidental global symmetry at the scale at around 10 TeV is a difficult task but we postpone the discussion to the future work and focus on the consequence afterwards. µ term is generated when the global symmetry is broken. In this model tan β = 1 is predicted and the Higgs potential vanishes at the global symmetry breaking scale. The pseudo-Goldstone boson predicts light Higgs much lighter than 120 GeV since the tree level contribution to the quartic coupling vanishes.
Higgs to di-photon rate
On the other hand the slight excess of the Higgs to di-photon rate in ATLAS 1 and CMS 2 needs extra charged particles which are nothing to do with the hierarchy problem. Indeed in most of the natural theory in which new coloured particles cancel the top loop in the Higgs mass, the Higgs to di-photon rate is expected to be suppressed rather than enhanced 19 . The fermionic top partner which cancels the quadratic divergence in the Higgs mass also suppresses the gluon fusion diagram to the Higgs. As a result less number of Higgs events are expected. The scalar top partner can add up the gluon fusion if there is no mixing but the gluon fusion to the Higgs is suppressed if maximal stop mixing is taken into account 19 . The change in Higgs to di-photon diagram is small as the leading diagram is the W boson loop. As a result, in motivated theory for the hierarchy problem, the Higgs to di-photon rate which comes out as the product of gluon fusion and Higgs to di-photon is predicted to be suppressed.
The enhancement of the Higgs to di-photon rate needs an ad hoc introduction of extra charged particles 20 . Furthermore, these extra charged particles should have order one Yukawa couplings with the Higgs to affect the Higgs to di-photon rate significantly.
Once we accept the vector-like charged fermions to explain the di-photon enhancement, the same Yukawa can contribute to the RG running of the Higgs quartic coupling. Therefore, with extra vector-like fermions, we can accommodate the pseudo-Goldstone boson Higgs in supersymmetry. Furthermore, the stop mixing parameter is simply written as X t = A t − µ/ tan β = A t − µ for tan β = 1. Now we can realise the maximal stop mixing with large µ even in the absence of A t as X t = −µ 18 . The Fig. 4 is taken from 18 . The red line shows that tan β = 1 and stop mass at around 1 TeV can explain the observed 125 GeV Higgs mass with the help of vector-like charged fermions. It is also possible to increase the Higgs mass using the vector-like fermions while suppressing the contribution to the Higgs to di-photon rate.
To separate the scale of the physical Higgs mass from µ in the framework of pseudo-Goldstone boson is an interesting possibility to look for in the future.
Conclusion
The observation of the SM Higgs-like new boson with mass at around 125 GeV challenges the weak scale supersymmetry. The most popular maximal mixing scenario is hard to make the UV completion. Any mediation of SUSY breaking which can realise the tachyonic stop at the UV boundary can realise the maximal stop mixing. The recent construction of 'neutrino assisted gauge mediation' 9 does the job.
Large µ is regarded as a sign of severe fine tuning. However, it can be overcome if the Higgs comes as a pseudo-Goldstone boson when µ is generated after the global symmetry breaking. The predicted mass of the Higgs boson can be too light to be consistent with the observed one. Nevertheless, extra vector-like charged fermions can help raise the Higgs quartic coupling just like the top. Extra vector-like charged fermions are motivated by the enhancement of the Higgs to di-photon rate.
The current Higgs signal is puzzling for the natural theories. Natural theories generally predict the suppressed events due to the cancellation in the gluon fusion loop. If the di-photon enhancement persists, it would be a clear indication of new charged particles at around a few 100 GeV. These particles are not motivated by the gauge hierarchy problem.
